Anthropogenic pressures, such as contaminant exposure, may affect stable isotope ratios in 24 biota. These changes are driven by alterations in the nutrient allocation and metabolic 25 pathways induced by specific stressors. In a controlled microcosm study with the amphipod 26 Gammarus spp., we studied effects of the -blocker propranolol on stable isotope signatures 27 ( 15 N and  13 C), elemental composition (%C and %N), and growth (protein content and body 28 size) as well as biomarkers of oxidative status (antioxidant capacity, ORAC; lipid 29 peroxidation, TBARS) and neurological activity (acetylcholinesterase, AChE). Based on the 30 known effects of propranolol exposure on cellular functions, i.e., its mode of action (MOA), 31 we expected to observe a lower scope for growth, accompanied by a decrease in protein 32 deposition, oxidative processes and AChE inhibition, with a resulting increase in the isotopic 33 signatures. The observed responses supported most of these predictions. In particular, %N 34 was positively affected by propranolol, whereas both protein allocation and body size 35 declined. Moreover, both ORAC and TBARS levels decreased with increasing propranolol 36 concentration, with the decrease being more pronounced for TBARS, which indicates the 37 prevalence of the antioxidative processes. These changes resulted in a significant increase of 38 the  15 N and  13 C values in the propranolol-exposed animals compared to the control. These 39 findings suggest that MOA of -blockers may be used to predict sublethal effects in non-40 target species, including inhibited AChE activity, improved oxidative balance, and elevated 41 stable isotope ratios. The latter also indicates that metabolism-driven responses to 42 environmental contaminants can alter stable isotope signatures, which should be taken into 43 account when interpreting trophic interactions in the food webs. 44 45 Keywords 46 Amphipods; growth; MOA; pharmaceuticals; stable isotope fractionation 48
Introduction
and sediment were taken at the end of the experiment. Upon termination of the experiment, 144 the wet weight (WW) of the surviving amphipods was determined, and they were frozen 145 individually in Eppendorf tubes at -80 C pending biomarker and stable isotope analysis. The 146 general responses to the exposure (i.e., mortality, respiration, feeding rate, excretion and 147 community-specific gross production and respiration) as well as the concentrations of 148 propranolol quantified for the different compartments are reported elsewhere [34] ; mortality 149 and propranolol quantifications for water and amphipods reported in this publication and 150 relevant for our results are summarized in Supporting Information, Table S1 . Here, we focus 151 on the propranolol effects on the stable isotope signatures, elemental composition and 152 biomarkers in the amphipods collected within the same experiment as well as the 153 relationships between these endpoints.
155
Biomarker selection 156 Assessment of oxidative status was conducted using total oxygen radical absorbance capacity 157 (ORAC) and lipid peroxidation (TBARS) assays, whereas acetylcholinesterase (AChE) 158 activity was used to evaluate effects of propranolol on AChE inhibition; see Table 1 for 159 details on the expected effects and causal relationships between the endpoints and 160 biomarkers. The antioxidant capacity (ORAC) reflects concentrations of water-soluble 161 antioxidants, the substances that delay or prevent the oxidation of biomolecules by reactive 162 oxygen species, ROS [35] . When pro-oxidative processes dominate, the reaction between 163 ROS and lipids gives rise to lipid peroxidation (assayed here as TBARS) that causes 164 functional loss of membrane-stability. Such shifts in the oxidative status have been linked to 165 several diseases and aging [36] . Also, the ORAC:TBARS ratio can serve as a proxy for the 166 balance between the antioxidative and pro-oxidative processes with lower values indicating 167 the prevalence of oxidation [37] . The activity of AChE is central for maintaining the function 
Sample preparation
For biomarker and stable isotope analyses, 45 amphipods (15 ind. treatment -1 ) were used.
174
Using a stereomicroscope and a scalpel, each individual was dissected separating abdominal 175 and thoracic parts; during the dissection, the animals were held on dry ice. The thoracic part 176 was used for biomarker analysis, while the abdominal part was used for  15 N and  13 C 177 analysis. The SIA samples were placed in pre-weighed tin capsules, dried at 60 C for 24 h, 178 weighed and stored in a desiccator before being shipped to the SIA facilities. 250 μL reaction solution. The plate was then incubated for 2 min with a gentle shake in the 219 plate reader, followed by reading absorbance at 405 nm every 2 min with ten cycles. The 220 AChE activity was calculated as:
where slope is calculated through a linear fit between the absorbance change (sample minus 223 blank) and time, F refers to the dilution factor (total volume/sample volume, 275 µL/25 µL), 224 ε is extinction coefficient of DTNB (13600 M -1 cm -1 ), l is the length of light path length (0.75 225 cm in the present instrument) and c is the protein concentration (mg mL -1 ). To explore the overall variability in the data set, a between-group principal component 246 analysis (bgPCA) was conducted using PAleontological STatistics (PAST) version 3.13 [42] .
247
In the bgPCA, we used a correlation matrix of %N, %C, C:N, protein content, WW, ORAC, 
251
As the next step, all predictors were evaluated for aquarium effects, because the experimental 252 design did not allow for complete independence between the amphipods sampled from the 253 same experimental unit. Linear mixed models (LMM) with restricted maximum likelihood 254 (REML) was used to test for random effect, i.e., whether the fixed effect of treatment was 255 different between the aquaria. Linear models using generalized least square (GLS) with 256 REML (without random effects) were used as null models to test the hypotheses of a 257 significant aquarium effect for different variables; the resulting models were compared using 258 analysis of variance (ANOVA). When no significant aquarium effect was detected (%N, 259 WW, protein,  5 N,  13 C, and all biomarkers), generalized linear models (GLMs) were used to 260 analyze the data. When this effect was significant (%C and the C:N ratio), the data were 261 analyzed using GLS-REML. Thus, to answer the hypotheses linking specific responses to 262 propranolol effects, we used either GLM (H1 to H6) or GLS-REML (H7; Table 1 ). All linear 263 mixed models and linear models using GLS were made using the package Linear and The propranolol concentrations in the system were below the quantification limit in the 291 control treatment, whereas the levels in the water were close to the nominal concentrations 292 for both the PL and PH treatment: 108  5.8 g L -1 and 1058  37 g L -1 , respectively (mean 293  SE). Moreover, the concentrations measured in amphipods were twice as high in the PH 294 treatment compared to PL, 6.3 and 3.2 g g WW -1 , respectively (Table S1) . Figure 3A ).
300
H2. The protein content variability was significantly positively related to %N, with a 301 significant negative propranolol × %N interaction effect, indicating that at higher propranolol 302 concentration less nitrogen was allocated to proteins (Table 3) .
303
H3. The amphipods from the PH treatment had the lowest WW; they were by 4% and 17% 304 smaller compared to the PL and control groups, respectively ( Figure 3B ). The protein content 305 was the best positive predictor of WW (Table 3) . (Table 3) . (Table 3) . Thus, the  15 N values were elevated in the animals 315 exposed to propranolol and with the prevalence of the antioxidants. In PH treatment, the  15 N In animals, the majority of drugs either (i) mimic or inhibit normal physiological/biochemical 324 processes; (ii) inhibit pathological processes; or (iii) inhibit vital processes of endo-or 325 ectoparasites/microorganisms. Our study aimed to evaluate whether exposure to propranolol 326 that belongs to the first group would cause predictable effects in crustaceans with regard to 327 their stable isotope ratios and oxidative status. Based on the known targets and MOAs of 328 propranolol, we expected to observe a lower scope for growth, improved oxidative balance, 329 and AChE inhibition. As isotopic fractionation is a function of growth and metabolism [5], 330 we expected to observe higher δ-values in the exposed animals. Most of the hypothesized 331 effects (Table 1; Figure 1) were indeed observed, albeit only because of the magnitude of 332 responses in the highest propranolol concentration (1058 g L -1 ). The two exposure 333 concentrations resulted in internal propranolol concentrations (3-6 g g -1 ) that were within 334 the range of the therapeutic concentrations reported in rabbit (~5 g g -1 ) and human (0.47-335 11.67 g g -1 ) brain, respectively [43]; thus, the exposure levels were consistent with the 336 therapeutic doses for this drug. The consequence of the propranolol-induced inhibition of protein synthesis is growth 351 inhibition that was both biologically (up to 17%) and statistically significant ( Table 3 ). The 352 reduced growth could be a consequence of a reduced food intake related to behavioral change 353 and slow feeding in the propranolol treatments as described for rabbits [47] and bivalves [48] . 354 In these studies, the reduced growth rate was associated with reduced food intake as a result 355 of the propranolol exposure and not related to the β-adrenoreceptor-blocking activity of the 356 drug. Moreover, the inhibited AChE activity observed in the propranolol-exposed amphipods 357 (this study) and mussels [48, 49] is also a manifestation of the behavioural response is also of high relevance for food web reconstructions based on stable isotope signatures, 446 particularly, in environments chronically exposed to environmental contaminants, including 447 pharmaceuticals.
Supporting information
450 SI includes information on the observed mortality and quantifications of propranolol in 451 amphipod and water samples (Table S1 ), statistical evaluation of the aquarium effects on the 452 measured endpoints (Table S2 ), a summary of the measured endpoints (Table S3 ) and a 453 diagram illustrating effects induced by propranolol ( Figure S1 ). Table 1 . Summary of the hypothesized relationships, the rationale behind each hypothesis, and models used in the hypothesis testing. Propranolol (g L -1 ); %N, nitrogen content; %C, carbon content, WW, wet weight; ORAC, oxygen radical absorbance capacity as proxy for antioxidative capacity; AChE, acetylcholinesterase activity; ORAC:TBARS ratio, a proxy for the balance between antioxidative and pro-oxidative activities.
Significant predictors are in bold face.
Hypothesis Response Predictors
Changes expected to occur in the propranolol-exposed animals and the rationale The increase in 13 C fractionation is related to higher mass-specific respiration rate in the exposed animals. Also, as lipids are depleted in 13 C, the covariates are %C and C:N as proxies for the lipid content. Moreover, TBARS and ORAC:TBARS ratio are included as covariates reflecting oxidative status, because fatty acids with higher proportion of heavier isotopes would be less prone to oxidation [16]. Table 1 for the rationale for specific effects. 
